The El Oro complex, southwestern Ecuador, is a tilted section of the metasedimentary Ecuadorian forearc, which was partially molten during Triassic time due to gabbroic magma emplacement. Pressure and maximum temperature estimates show that the metamorphic gradient during anatexis was 45 °C/km in the upper crust and 10 °C/km in the 7-8 km garnet-bearing migmatitic lower crust, controlled by biotite-breakdown melting reactions. Our petrological and geochemical studies indicate that melts produced during biotite-breakdown (5-15 vol%) were trapped and pervasively distributed in the garnet-bearing migmatite. Based on these results we carried out one-dimensional thermal modeling to characterize the heat transfer processes that led to the establishment of such a low thermal gradient during partial melting. Our results show that neither diffusive nor upward melt transfer models account for the low metamorphic gradient in the garnet-bearing migmatite. We demonstrate that in the El Oro complex, convection of the garnet-bearing migmatitic layer is the most likely heat transfer process that explains all the petrological, geochemical, and metamorphic data.
INTRODUCTION
Both the largest Himalayan-Tibet and the Altiplano-Puna orogenic systems exhibit multiple evidence of ongoing partial melting in the middle to lower crust (e.g., Caldwell et al., 2009; Yuan et al., 2000) . The genesis and rheology of such high-temperature middle to lower crustal sequences are therefore key to better understand the evolution of large orogenic systems. Because well-preserved deep sections of the crust are rarely exposed, and commonly exhibit multiple events of partial melting, most of the data from these zones are based on chemical investigation of outcrops of volcanic and shallow plutonic bodies (e.g., Mahéo et al., 2009) , numerical modeling (e.g., Bittner and Schmeling, 1995) , metamorphic studies of xenoliths (e.g., Ding et al., 2007) , or Rayleigh wave dispersion studies (e.g., Caldwell et al., 2009) . However, such sections are exposed in some key areas where they may be investigated. The El Oro complex, located in southwestern Ecuador (Fig. 1A) , is a well-preserved crustal section that underwent a single event of mafic magma underplating and consequent crustal melting (Riel et al., 2013) . To study the thermochemical evolution of the El Oro complex during partial melting, we used (1) structural, petrological, and geochemical tools to characterize the chemical exchanges in the crust; (2) available and new pressure and maximum temperature estimates (P-T max ); and (3) thermal modeling using previous results to constrain the heat transfer mechanisms and their rheological implications. Our study suggests that in the middle crust, whole-rock convection with low melt content (5-15 vol%) might occur during biotite-breakdown melting reactions at 780-900 °C. This can potentially account for the formation of large volumes of partially molten middle crust in large orogenic systems.
Field photographs and detailed methodology for P-T max estimates and geochemical and thermal modeling are provided in the GSA Data Repository 1 .
GEOLOGICAL SETTING
The El Oro complex is a tilted forearc section composed of unmetamorphosed pelites and sandstones to the south that progressively grade to a migmatitic series to the north, juxtaposed northward by a gabbroic pluton and a blueschist unit (Fig. 1B) . Both metamorphic and magmatic events, which include gabbro and the granitoid emplacement, occurred in the Late Triassic between 230 and 225 Ma (Riel et al., 2013) . The intrusion of mid-oceanic ridge basalt-type gabbro at the crustal root level triggered partial melting of the overlying metasedimentary sequence and emplacement of the granitoid belt in the unmolten metasedimentary upper crust (Fig. 2) . Tectonic underplating of the blueschist unit at 226 ± 1.8 Ma (Gabriele, 2002) rapidly cooled both the gabbro pluton and the crust and marked the end of the anatectic event, allowing preservation of rare structures.
The granitoid belt that intrudes the unmolten metasedimentary unit is 1-2 km thick and composed of amphibole + biotite granodiorite and muscovite + biotite monzogranite with numer-1 GSA Data Repository item 2016008, photographs of the petrological study, geochemical methods, and detailed thermal and thermodynamic modeling methods, is available online at www.geosociety .org /pubs/ft2016.htm, or on request from editing@ geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. as doi:10.1130/G37208.1 Geology, published online on 20 November 2015 ous mafic enclaves. The metasedimentary unit is composed of metapelites and quartzites without evidence of dike intrusions (Riel et al., 2013) . The migmatitic unit underlying these rocks has a quartzopelitic protolith and is lithologically divided into two parts. Partial melting in the upper, 1-2-km-thick metatexite, characterized by a stromatitic leucosome, was controlled by muscovite-breakdown melting. In the lower garnet-bearing, 7-8-km-thick, mesocratic schlieren migmatite, partial melting was controlled by biotite-breakdown melting and contact with the underlying gabbro ( Fig. 2) (Riel et al., 2013) . The P-T max estimates show that partial melting occurred between 650 °C and 760 ± 50 °C at 5-5.5 ± 2 kbar in the metatexites, and between 760 °C and 880 ± 50 °C at 5.5-8 ± 2 kbar in the schlieren migmatites (Riel et al., 2013 ; this study). The inferred metamorphic gradient exhibits a sharp change from a high of 45 °C/km in the upper crust to a low of 10-15 °C/km in the 7-8-km-thick schlieren migmatites (Fig.  1C) . The bend point corresponds to the change in melting reactions from muscovite to biotitebreakdown melting (700-760 °C). Such a low geothermal gradient in the lower part of the system indicates heat advection, either by pervasive melt flow or whole-rock flow.
STRUCTURE AND PETROLOGY OF THE MIGMATITES
In order to characterize the melt behavior in the crust and to gain insight into heat transfer mechanisms, we studied the main structural and petrological features of the El Oro complex migmatites. Metatexites show well-defined leucosome and melanosome layering plus indicators of melt extraction via magma pathways that do not extend into the overlying metasedimentary rocks (Fig. 2) . At the contact with the schlieren migmatites there is an ~100-m-thick transition zone characterized by gradual disruption of the metatexite layering (Riel et al., 2013) . This zone is composed of a heterogeneous mixture of metatexite and schlieren migmatite with biotiterich selvedges, leucosome patches, and numerous metasedimentary xenoliths. This is followed by the 7-8-km-thick garnet-bearing schlieren migmatites, which are more homogeneous with numerous quartzitic, aluminous, and layered quartzofeldspathic schollen. The textures of the schlieren migmatites vary from coarse-grained igneous to fine-grained foliated. The foliation has no clear preferred orientation at the scale of the unit and lacks evidence of leucosome-melanosome segregation, magma pathways, or waterflux melting. However, in some outcrops, curved synmigmatitic to late migmatitic foliations are preserved and represent shear zones separating less strained zones of chaotic foliation. In the schlieren migmatitic unit, the metasedimentary xenoliths exhibit a wide range of interesting features ranging from the centimeter to the multimeter scale (for field photographs, see the Data Repository). Some quartzitic xenoliths are partially molten while others are fractured and filled with leucosome produced in their surroundings. Other aluminous xenoliths are either folded with clear contact with the schlieren migmatites, or partially molten and exhibit a segregated leucosome with respect to the residuum. However, at the rims of these xenoliths, the leucosome becomes diffuse and mixed in the surrounding schlieren migmatite. Evidence of multimeterscale domal structure made of folded metaquartzitic xenoliths indicates vertical mass flow within the schlieren migmatitic unit (see Fig.  DR4 in the Data Repository).
Another key aspect of the schlieren migmatites concerns their melt content at P-T max conditions. As no evidence of water-flux melting, such as an enriched network of leucosome with diffuse contacts and destabilization and consumption of garnet or regions lacking peritectic minerals, has been observed (Weinberg and Hasalová, 2015) , we estimated the melt fraction by thermodynamic modeling, using six wholerock compositions and their related saturating water contents at subsolidus (for details, see the Data Repository). Our results show that, at P-T max conditions, the melt content in the schlieren migmatites was 5-15 vol%.
GEOCHEMISTRY
A typical sample from the schlieren migmatite is heterogeneous, but on average they tend to have 62%-70% silica and a granodiorite composition (Aspden et al., 1995) . The metasedimentary rocks show a clear trend in the FeO + MgO versus K 2 O diagram along the line linking quartz + plagioclase to biotite (Fig. 3A) . In contrast, the schlieren migmatites branch out from this trend and define their own trend, pointing toward garnet (Fig. 3A) . In the same diagram, S-type granitoids from the belt that intruded further up into the metasedimentary rocks overlap those of the sediments, but define a narrower field. Mafic xenoliths from these granodiorites show enrichment in the ferromagnesian component, plotting together with the schlieren migmatites. Schlieren migmatites show enrichment in CaO (2%-3%) and depletion in K 2 O (2%-3%) compared to the metasedimentary rocks (CaO 0.5%-2% and K 2 O 2%-7%), indicating the effect of concentrating garnet (Fig. 3B) .
The rare earth element (REE) spectra of the S-type granitoids are similar to that of the leucosome in the metatexite layer (Fig. 4) and are interpreted to be generated by muscovite breakdown. These two spectra plot along the lower values of the field defined by metasedimentary rocks. The schlieren migmatites are interpreted to derive from biotite breakdown, defining a narrow range of REEs that coincides with the mid-values of the field defined by metasediments (Fig. 4) . In contrast, the REE spectrum of a segregated leucosome generated by biotite breakdown shows a strong depletion in heavy REEs resulting from extraction of peritectic garnet. as doi:10.1130/G37208.1 Geology, published online on 20 November 2015
PETROLOGICAL AND GEOCHEMICAL IMPLICATIONS
The schlieren migmatites do not show enrichment of heavy REEs compared to unmelted metasediments (Fig. 4) , indicating that melts produced as a result of biotite-dehydration melting reaction were trapped within the rock. This contradicts results in Figure 3 , where schlieren migmatites trend toward garnet composition, and can be explained by early removal of K 2 O from the schlieren migmatites by extraction of muscovite-breakdown melt that predated biotitebreakdown melting. The fact that no crosscutting granitic dikes have been observed in the schlieren migmatites or metasedimentary unit supports the conclusion that most melt was trapped in the source. The high CaO content in the biotite + amphibole-bearing S-type granitoids above, south of the migmatite region (Fig. 1B) and its ferromagnesian-rich (amphibole-rich) enclaves, suggest mixing with a CaO-rich mafic magma.
These features suggest that magma that formed as a result of early muscovite breakdown was extracted from the source region during formation of metatexites that are still preserved on top of the schlieren migmatites. Subsequent biotite breakdown gave rise to melt that remained trapped in the source (Fig. 2) . Consequently, we interpret the numerous metasedimentary xenoliths in the schlieren migmatitic unit as indicators of a two-step partial melting sequence during increasing temperature conditions.
THERMAL MODELING

Numerical Basis
In order to investigate the thermal processes that generated the anatectic gradient in the El Oro complex (Fig. 1C) , we used a one-dimensional thermal modeling approach that takes into account temperature-dependent thermal conductivity and capacity (Whittington et al., 2009) , radiogenic heat production, latent heat of muscovite and biotite-breakdown melting reactions, melt removal, and parametrized convection with an initial estimate of the likely viscosity (10 12 -10 16 Pa•s). Based on our petrological and geochemical results, the muscovite-breakdown melts are segregated via melt-enhanced fracturing above the melt connectivity threshold, i.e., ~7% (e.g., Rosenberg and Handy, 2005 ). In the model, this is reflected as heat extracted from the source and emplaced at 5 km depth (corresponding to position of the granitoids in Fig. 1C ). In contrast, as supported by the petrological and geochemical evidence, melts produced during biotite-breakdown melting are left in the source.
Our models are set with constant temperature at the surface (20 °C) and with heat flux at the base to get an initial thermal gradient of 25 °C/km. We simulate gabbroic intrusion by imposing a temperature of 1200 °C between 25 and 29 km depth. Subsequently the gabbro cools as it loses heat upward, but temperature is maintained at 29 km depth, the bottom of the model, at 1200 °C for various amounts of time (Fig. 5) . Two sets of models have been investigated, purely diffusive (Fig. 5A ) or with parameterized convection (Fig. 5B) . The P-T max estimates of the El Oro complex represent the maximum thermal conditions recorded over the entire duration of the anatectic event (<10 m.y.), but not necessarily at the same moment. In other words, we retrieve the maximum temperature reached at any depth of the models over the modeled period to be able to compare it with the P-T max estimates (Fig. 5) (for detailed methodology, see the Data Repository).
RESULTS
Conductive models indicate that the predicted maximum thermal gradient preserved in the metamorphic record is 40 ± 0.4 °C/km and slightly concave upward (Fig. 5A) . The modeled temperature at the base of the schlieren migmatites is ~950-1100 °C, higher than the T max estimate of 880 ± 50 °C. The thickness of the biotite-breakdown melting zone never reaches the observed 7-8 km and the thermal gradient is too high with respect to 15 °C/km estimated in the garnet-bearing migmatites. In contrast, convective models predict lower geothermal gradients, in accord with the metamorphic data (Fig. 5B) . The best fit is achieved for a thermal perturbation lasting 3.5 m.y. and a hyperdiffusivity of 18 J s -1 m -1 K -1 (Fig. 5B ), corresponding to a shear viscosity for the schlieren migmatites of 10 15 Pa•s.
DISCUSSION
The low geothermal gradient in the schlieren migmatites was previously interpreted as the result of thermal buffering due to latent heat of melting (Riel et al., 2013) . However, conductive models show that the thermal effect of melt extraction and/or latent heat is low and cannot account for the low geothermal gradient and the width of the melting zone (Fig. 5A) . A more efficient heat transfer process is thus required. Models have shown that long-term plutonism can generate low geothermal gradients by continuous melt extraction from the source and transferal to the upper crust (Depine et al., 2008) . For similar conditions, Bouilhol et al. (2011) demonstrated that lateral changes of composition are expected due to the formation of pervasive channels via a porosity wave mechanism, which is not observed in the El Oro complex. Therefore, we propose that the main features recorded in the El Oro complex result as doi:10.1130/G37208.1 Geology, published online on 20 November 2015 from convection of the schlieren migmatites layer. Convection explains the low geothermal gradient (Fig. 5B) , the structural evidence in the form of disorganized, chaotic flow of the schlieren migmatites, and geochemical data (Figs. 3 and 4) indicating that melts produced by biotitedehydration melting reaction were not extracted from the source.
Using the critical Rayleigh number for an infinite fluid between two free surfaces, we estimate that to allow for convection, the viscosity of the schlieren migmatites has to be <7 × 10 17 Pa•s across the 7-km-thick schlieren migmatites (assuming a T difference of 100 °C across the layer). Burg and Vigneresse (2002) showed that, for a partially molten metapelite containing 0%-60% melt, the shear viscosity drops from 10 18 Pa•s at 600 °C to 10 6 Pa•s at 900 °C. Hashim et al. (2013) (Fig. 2) .
How did the melts produced during biotitebreakdown melting remain trapped in the rock? Because the melt fraction estimated in the schlieren migmatites at P-T max conditions is relatively low (5%-15%), a possible explanation can be a combination of (1) a drop of solid cohesion, leading to melt-accommodated grain boundary sliding or granular flow that opposes melt segregation (Walte et al., 2005) ; (2) a low-density contrast between melt and host rock resulting from a melting reaction with insignificant volume change (Rushmer, 2001) ; (3) the high viscosity of silicic melts; and (4) biotite flake aggregates leading to a very low permeability normal to the layering and acting as a barrier against melt segregation (Laporte and Watson, 1995) . Our thermodynamic modeling indicates that the schlieren migmatites contained 10% ± 5% of biotite at P-T max conditions (see the Data Repository). Therefore, residual aggregates of biotite (schlieren) and granular flow due to loss of solid cohesion are likely to play an important role, preventing melt transfer out of the convective cells. Further studies are required to fully understand this melt behavior during biotitebreakdown melting.
CONCLUSIONS
Thermal models of the Triassic anatectic rocks in the El Oro complex show that crustalscale mass convection is an efficient heat transfer process that can lead to the observed low geothermal gradient across a wide layer of schlieren migmatites. Based on structural and metamorphic data and modeling, we propose that in the schlieren migmatites layer that formed at the base of the biotite-rich metasedimentary sequence, convection may have been the main heat transfer process at temperatures ranging from 780 to 900 °C. This study provides new insights into the complex dynamics of partially molten felsic crust and proposes a new mechanism to account for observed low geothermal gradients and long-lived partially molten middle to lower crust, such as beneath large orogenic plateaus.
